A realistic lattice gas model with a tetrahedral 4-body interaction is derived for a system composed of Fe, Pt atoms and vacancies on the basis of first-principles calculations. Using this model, we carry out lattice Monte Carlo simulations of order-disorder phase transition in a bulk FePt alloy, aggregation into FePt clusters in vapor, and L1 0 ordering in FePt clusters. The order-disorder phase transition temperature of a bulk FePt is estimated to be 1970 K, which is slightly higher than the experimental value of 1572 K because of the ignorance of the off-lattice effects. The present model shows inherent atomic cohesion that leads to aggregation into clusters in a simulation starting from a random configuration in vapor. Finally for FePt alloy clusters, we find that the L1 0 ordered structure is maintained only for those clusters with a size (diameter) greater than 2.5 nm, in accordance with the recent experimental evidence reported by Miyazaki et al. [doi:10.2320 Recently, from the viewpoint of the application to high density magnetic recording media, 1) Fe x Pt 1Àx alloys has attracted considerable interest. In particular, the ordered phase with L1 0 structure of the FePt alloy has been widely investigated as a candidate of a hard magnetic material. It shows a very high magnetocrystalline anisotropy.
Recently, from the viewpoint of the application to high density magnetic recording media, 1) Fe x Pt 1Àx alloys has attracted considerable interest. In particular, the ordered phase with L1 0 structure of the FePt alloy has been widely investigated as a candidate of a hard magnetic material. It shows a very high magnetocrystalline anisotropy.
2) Moreover, a high magnetic coercive force was observed in epitaxial FePt (001) films 3) and FePt nanoparticles. 4) A nano-composite magnet made of FePt ordered clusters embedded in a soft magnetic material is expected to have very high coercive force, 5, 6) and the investigation of the stability of such structures is highly desired. 7, 8) Recently, Miyazaki et al. 9 ) studied a size effect on the ordering of L1 0 -ordered nanoparticles experimentally and revealed an interesting critical-size behavior such that the order sharply drops when the size of the nanoparticle is around d $ 3 nm and decreases to zero for d < 2 nm.
Theoretically, a standard molecular dynamics (MD) method cannot be applied to the problem, since the time scale for the atomic exchange and diffusion in substitutional alloys is extremely long. Instead a lattice Monte Carlo (MC) method provides a useful tool in such cases, but, for a realistic simulation, the use of a reliable interatomic interaction is crucial. So far, simple pair potentials have been mostly used in lattice Monte Carlo simulations. In particular, for FePt alloy clusters, extensive lattice Monte Carlo simulations were recently performed by means of pair potentials exerting not only between nearest neighbors but also between second and third neighbors. 10, 11) However, their results do not seem to reproduce the critical-size behavior observed by Miyazaki et al. 9) Although long-range tail of the potential is taken into account, the use of the pair potential is a very crude approximation for the interaction among noble-and transition-metal atoms.
In the present study, using a first-principles calculation, we determine a more realistic 4-body interaction among Fe and Pt atoms and vacancies in a tetrahedron approximation, 12, 13) which corresponds to introducing a primitive simple cubic unit cell in an fcc lattice. The resulting lattice gas model can be used for lattice Monte Carlo simulations of FePt alloys with vacancies. When there is no vacancy, this lattice gas model is similar to that determined by Mohri and Chen, who used the cluster variation method (CVM) to investigate the order-disorder transition. 13) Using the model with vacancies, we determine the stable structure of FePt alloy clusters by carrying out lattice Monte Carlo simulations. In particular, we investigate the followings: (1) we estimate the orderdisorder phase transition temperature of a bulk FePt alloy, in which the orderd phase has the L1 0 structure, (2) we confirm that Fe and Pt atoms randomly distributed in vapor can aggregate into FePt clusters, and (3) we estimate the critical size of the FePt clusters to maintain the L1 0 ordered structure by changing the cluster size. In the present study, however, we do not take into account the off-lattice effect such as thermal vibrations and local distortions. 14) First of all, in order to determine a realistic 4-body interaction among Fe and Pt atoms and vacancies for an fcc lattice gas model, we carried out a first-principles calculation based on the local spin density approximation (LSDA) of the density functional theory. (Spin-dependent calculation is needed for the system at the temperatures considered in this paper.) For this end, we used Vienna ab initio simulation package (VASP) 15, 16) on the basis of the plane-wave expansion combined with Vanderbilt ultrasoft pseudopotentials.
17) The cut-off energy for the plane waves to expand wave functions was set to be 237.6 eV. We ignored any local deformation of the lattice. We calculated the total energy of the five ordered phases; pure Fe, pure Pt, L1 0 ordered phase of FePt, L1 2 ordered phase of Fe 3 Pt, and L1 2 ordered phase of FePt 3 at various lattice constants. We found that the lattice constant is 0.37 nm for the L1 0 ordered phase. We also calculated the total energy of atomic configuration including vacancies. Because all atoms are fixed at the lattice points, the number of available configurations is fourteen (except for the case where the lattice points are all vacancy, which is equal to energy zero) inside the minimal simple cubic unit cell including one tetrahedron. The fourteen patterns are shown in Fig. 1 . In this figure, Fe and Pt atoms are expressed by dark and light spheres, respectively, and vacancy is expressed by a circle. Any configuration made of Fe, Pt, and vacancy in a tetrahedron corresponds one of these patterns. We calculated the total energy for each of the fourteen patterns assuming that the same pattern is repeated in a crystal. In all calculations, lattice constant was held fixed at 0.37 nm, which is the optimum value for the bulk L1 0 phase. The resulting total energies per one tetrahedron that has no vacancy, one vacancy, two vacancies and three vacancies are listed also in Fig. 1 .
Then, we carry out lattice Monte Carlo simulations of the bulk FePt alloy, the FePt aggregation, and the FePt alloy clusters using the interaction parameters determined above. We use the following exchange algorithm based on the Metropolis method. We randomly choose two atoms (or vacancies) and exchange them with probability one if the energy decreases by the exchange and with probability e ÀÁE if the energy increases by ÁE by the exchange. This algorithm assures to bring the system to thermal equilibrium at temperature T. The energies before and after the exchange are given by the sum of two on-site energies of the two lattice points. Within this exchange algorithm, the on-site energy can be simply calculated as the arithmetic mean of the energies of the eight tetrahedrons surrounding the atom. This treatment is equivalent to that of Ref. 13 ) on the basis of the Connolly-Williams approximation. 18) For the bulk FePt alloy without vacancies, we use 20 Â 20 Â 20 cell in units of a simple cubic primitive cell (including 4 atoms) of an fcc lattice and set the periodic boundary condition along three axes x, y and z. We use a complete random configuration as an initial configuration, then simulate the relaxation to thermal equilibrium at various temperatures. In Fig. 2 , we show a cross-section of the resulting patterns after 1,000,000 MC steps at three temper- The result at 3600 K shown in Fig. 2 (a) corresponds to a disordered structure. When we cooled down the system, we observed a large ordered phase first at 1970 K. Then, the ordered structure grew more than half of the whole area as shown in Fig. 2(b Order of FePt Alloy Clusters 2425 transition temperature, 1572 K. 19) The discrepancy between the present result and the experimental result can be attributed to the ignorance of the off-lattice effect in the present model. This issue is however beyond the scope of the present paper, and will be reported elsewhere. 14) As shown in Fig. 2(c) , when we further decreased the temperature at 1000 K, we observed the ordered structure but it is not larger than that of 1950 K in Fig. 2(b) . This is because, when we quench the system to 1000 K, atoms hardly move to more stable configurations and the system is frozen at the metastable state. Similar situation seems to occur also in real experimental conditions. 20, 21) To generate the complete ordered phase structure, it is necessary to anneal the system gradually. We confirmed that the ordered phase structure is Order of FePt Alloy Clusters 2427 kept stably at even low temperatures once the ordered structure is formed around 1970 K and then slowly cooled down.
Next, we performed a Monte Carlo simulation of a system quenched from an initial vapor phase where Fe and Pt atoms are randomly distributed at low density. The cell size is the same as the bulk case, and the number of Fe and Pt atoms is 100 each. The simulation was performed at a fixed temperature of 1500 K. As a result, the atoms gradually aggregated into four clusters as shown in Figs. 3: (a) is the initial configuration; (b) and (c) represent the configurations after 1000 and 3,000,000 MC steps, respectivley. This and the following figures correspond to the perspective view, in which the symbols '' '' and ''+'' indicate iron and platinum atoms, respectively. Why the atoms did not aggregate into single cluster is due to our exchange algorithm where only two atoms or vacancies at two different positions are exchanged at one time and we never took into account the effect of the global motion of the clusters themselves. Anyway, the present result showing the aggregation into rather small number of FePt alloy clusters suggests that the present lattice gas model can well describe the cohesion of the Fe and Pt atoms.
Finally, we performed a Monte Carlo simulation of isolated FePt alloy clusters. We started from the L1 0 ordered structure and keep the temperature at 1000 K. Then the clusters were relaxed to the most stable structures. Figure 4 shows the perspective view of the clusters with diameter (a) 1.9 nm, (b) 3.0 nm, (c) 9.1 nm, and (d) 16.5 nm. In this view, the areas in which diamonds (Fe) and crosses (Pt) are alternatively aligned in two directions are the L1 0 ordered phase, and otherwise the disordered phase. When the size of the cluster is small, the cluster is disordered as seen in Fig. 4(a) . Although the pattern is not shown here, the cluster with diameter of 2.5 nm is also disordered. The order abruptly disappears when the size of the cluster decreases, and the critical size is identified to be around 3.0 nm. Above this critical size, the cluster is almost completely ordered, although the topmost and lowermost layers are slightly disordered because of the surface effect. The present result obviously contradicts to the recent Monte Carlo results 10, 11) showing that the perfect ordered phase persists even for the clusters as small as d ¼ 2:5 nm, although it is consistent with the recent experiment done by Miyazaki et al. 9) Needless to say, the main difference comes from the use of different potentials, and the use of the 4-body interaction is inevitable to reproduce the experimental results. We will report more detailed results elsewhere. 22) In summary, we have determined the realistic 4-body interaction of the fcc lattice gas model for the bulk FePt alloy and FePt alloy clusters by using first-principles calculation. Then, to demonstrate the feasibility of the resulting lattice gas model, we performed several Monte Carlo simulations using this model. The resulting order-disorder phase transition temperature in the bulk simulation is identified to be 1970 K which is slightly higher than the experimental transition temperature 1572 K. This is simply because the present model neglects the off-lattice effect such as lattice vibrations or atomic displacements. A way to treat such an effect by using lattice Monte Carlo simulations combined with first-principles calculations will be reported elsewhere. 14) On the other hand, we confirmed that the present model can describe the cohesion of atoms, i.e., the atoms aggregate into one large cluster, by carrying out a simulation starting from random distribution of Fe and Pt atoms in vapor. Finally, carrying out the simulation of clusters with different sizes, we concluded that there is a critical size (d $ 3:0 nm) of the FePt clusters, below which the L1 0 order completely disappears.
